Evidence for a mechanism of initiation of viral persistence in which the cell, and not the virus, plays a critical role has been obtained using the important animal pathogen foot-and-mouth disease virus (FMDV). We have developed a virulence assay consisting of quantification of the ability of virus to kill cells and of cells to divide in the presence of virus and to initiate a carrier state. Cells were cured of FMDV at early times following a cytolytic infection of BHK-21 monolayers with FMDV. When cured cells were subjected to the virulence assay they showed an increased ability to survive a second infection by FMDV but not by other RNA viruses. This altered phenotype was maintained as a stable genetic trait. When the virus present in such early surviving cells was used to infect BHK-21 cells, It proved to be as virulent as the initial cytolytic FMDV and, furthermore, its ability to kill BHK-21 cells increased upon replication in the surviving cells. Both the level ofgenetic heterogeneity and the rate ofevolution ofFMDV were similar to those previously documented during acute and persistent FMDV infections. The results suggest that, in contrast to most other viral systems, the critical element in the establishment of a persistent infection of BHK-21 cells with FMDV is the ability of the host cells to vary genetically and phenotypically, which promotes selection of cells with increased resistance to virus. The possible relevance of this mechanism to viral persistence in vivo is discussed.
Viruses that are normally lytic for cells can occasionally diverge from this behavior and establish persistent infections in their host organisms or in cultured cells. Persistence of viruses cannot be attributed to a single mechanism since several genetic features ofboth the virus and the host cells or organisms have been implicated in long-term survival of infected cells (1) (2) (3) (4) (5) .
Picornaviruses are no exception to such a dual behavior of either killing cells or surviving with them (6) (7) (8) . Persistent infections in cell culture have been described for most picornaviruses, including Theiler's murine encephalomyelitis virus (TMEV) (9) , poliovirus (10) (11) (12) , rhinovirus (13) , hepatitis A virus (14) , echovirus (15) , and foot-and-mouth disease virus (FMDV) (16, 17) . Persistent infections of cloned BHK-21 cells with cloned FMDV C-S8cl were established by growing the cells that survived a cytolytic infection (16) . Following the establishment of persistence, and upon serial passage of the carrier cells, the resident FMDV became progressively more virulent for BHK-21 cells than its parental FMDV C-S8cl. The carrier cells, in turn, evolved to become increasingly resistant to FMDV but not to other RNA viruses, suggesting a coevolution of the cells and of their resident virus (17, 18) .
An important role of the host cell in maintenance of a persistent infection in cell culture has been previously documented for reovirus (19, 20) and poliovirus (21, 22) , but a role of cell variation in the initiation of persistence has not been established. Here we report experiments aimed at defining the critical element in the initiation of a viral persistent infection. The results indicate that BHK-21 cells, and, more specifically, their ability to vary genetically, are the determinant element in initiating FMDV persistence. This was surprising in view of the well-documented genetic heterogeneity and phenotypic flexibility of RNA virus quasispecies (23) (24) (25) and the accumulated evidence that in most other systems either the down-regulation of viral functions or the expression of specific viral genes is the main contributor to limiting cell killing (3) . We show that FMDV genomic sequences fluctuate at the onset of persistence but that the virus adapts to the first surviving cells by selecting more virulent-rather than attenuated-variants. These results provide evidence of a mechanism of initiation of viral persistence in which the cell, and not the virus, plays the critical role.
MATERIALS AND METHODS Cells, Viruses, and Infections. The origin of cloned BHK21cl cells, ofplaque-purified FMDV C-S8cl, and procedures for cell growth, subcloning of cells by end-point dilution, infection of BHK-21 cell monolayers, release of intracellular virus by freeze-thawing of a cell suspension followed by sonication, and plaque assays with FMDV have been described (16, 17) .
Treatment of Cells with Ribavirin and Aphidicolin. Cells were cured of FMDV by treatment with the cytostatic nucleoside analogue ribavirin (1-/3-D-ribofuranosyl-1-H-1,2,4 triazole-3-carboxamide) (26) as described (27) ) and then the surviving cells were extensively washed and treated with ribavirin (2 mg/ml for 72 hr) as described (27) .
In experiment 3 (Fig. 1) indicate that the virulence of the virus isolated during the first 10 days was either indistinguishable from or higher than the virulence of the parental FMDV C-S8cl. After day 10, sequential viral samples revealed a dramatic increase in virulence, with <10-5 frequency of surviving cells in infections with the virus rescued at day 20 ( Fig. 1) .
This result did not exclude that the virus that remained inside the surviving cells (rather than being shed from the cells) could constitute a distinct subpopulation with decreased ability to kill cells. To test this possibility, the cells that had survived the cytolytic infection were lysed and the liberated virus, without any further amplification, was subjected to the virulence assay. The intracellular virus and the virus shed into the medium during the first 3 hr immediately following cytopathology were indistinguishable from their parental FMDV C-S8cl with regard to virulence for BHK-21 cells (Table 3 (30) . It was possible, however, that the virus that survived in early cells might be unusually homogeneous, thus explaining its inability to provide components of the mutant spectrum with reduced ability to kill cells. To sample the extent of genetic heterogeneity and variation of FMDV during the establishment of persistence we sequenced the IRES (an essential element for initiation of translation) and the RNA region encoding the L protease (an essential protein for polyprotein processing and for cleavage of the p220 component of the cap-binding complex) of sequential virus samples from the early surviving cells. The rate of fixation of mutations was 4 x 10o-to 6 x 10-5 substitutions per nucleotide per day and the mutant frequency ranged between 1.6 x 10-3 and 1.6 x 10-4 substitutions per nucleotide (Fig.  2) . None of these values is lower than previously determined for other evolving FMDV populations (30) . Remarkably, in each of the four viral populations analyzed, a silent mutation in the L-coding region (A-1159 --G) became dominant.
Repeated silent mutations in coding regions have been recently described during poliovirus persistence (12 (17, 19-22, 31, 32) . In the present report we have provided evidence of an essential role of the host cell at the crucial step of initiation of viral persistence. 1-4) . In experiments 1 and 2, only average sequences at the indicated days p.i. (dpi) were analyzed. Average sequences are depicted as lines on which only those residues that vary relative to the C-S8c1 sequence (top line) are indicated. In experiments 3 and 4, in addition to average sequences, individual molecular clones were also sequenced from pUC19 recombinants (box below the corresponding average sequence); in each case 10 clones were sequenced, except for the samples at 30 and 36 dpi, experiment 3, for which 13 and 14 clones, respectively, were analyzed; the percentage of clones with a nucleotide sequence is given in each box. The total number of residues screened was 46,490. It cannot be excluded that the six substitutions found only once in the clonal analyses could result from misincorporations during reverse transcription or Taq amplification; elimination ofthese unique replacements from the calculations decreased only the estimated levels of heterogeneity of population 25 dpi, experiment 3, by a factor (Tables 1 and 2 ). Generation of cell diversity may be favored by a certain degree of cellular transformationwith its inherent general genetic instability (33)-documented for established cell lines, thus providing BHK-21 cells with an expanded range of phenotypes. Additional genetic lesions in the cells could also be induced by the replication of FMDV by an as yet unidentified mechanism.
The possibility that cell variation could contribute to initiation of viral persistence in multicellular organisms must be considered since cell heterogeneity has been described for normal tissues (34, 35) . Even though observations in cell culture may not necessarily apply to entire organisms, it must be considered that epithelial cells-the target of FMDV infection-divide and are replaced at considerable rates. Thus, cell variation could also play a role in the initiation of viral persistence in rapidly dividing cells in vivo.
Were Previously Observed Phenotypic Alterations ofViruses Essential for Initiation of Persistence? The FMDV replicating in the initially surviving cells was not only fully virulent, but it showed neither a ts character nor a small-plaque phenotype (results not shown), traits that become dominant at later stages of persistence (16) . These results with FMDV pose the question of whether in other host-virus systems the genetic lesions frequently observed in the persistent virus were essential for initiation of persistence (3) or were a consequence of the optimization of virus to survive in carrier cells once persistence had already been initiated by other mechanisms. It is clear from our results that the quasispecies structure and consequent adaptability of RNA genomes (23) (24) (25) 30) 
